Abstract: Shear span-to-effective depth ratio (a v =d) is known to affect the shear behavior of RC members. However, this effect has not been appropriately addressed in existing design guidelines for the fiber-reinforced polymer (FRP) strengthening of RC structures. This paper focuses on the effect of a v =d on the behaviors of RC beams shear strengthened with full-wrapping FRP strips. A total of six strengthened beams and six normal beams are tested, with a v =d ratios ranging from 1.0 to 3.5. The experimental results indicate that the FRP shear contribution increases initially with the a v =d ratio, but decreases when the ratio is beyond 2.5. The FRP strain along the critical shear crack distributes in different manners for different a v =d ratios. The authors' experimental results and the test results from the literature are compared with predictions from available design guidelines. Although some recent design guidelines always provide a safe value, it can be overconservative. Conversely, other recent design guidelines may overestimate the shear-strengthening effectiveness at low span/depth ratios so they have to be used with caution.
Introduction
In the past two decades, the strengthening of deteriorated RC structures with externally bonding (EB) fiber-reinforced polymer (FRP) composites has become a popular method for upgrading the structural performance. This is because of the various advantages of FRP composites, including a high strength-weight ratio, high tensile modulus, superior corrosion resistance, and ease of installing in strengthening applications. Normal RC beams are normally designed to have a shear capacity higher than the flexural capacity so the brittle shear failure mode can be avoided. However, a RC beam may become deficient in shear capacity because of various causes, such as a change in loading or severe corrosion of the steel stirrups because of an insufficient concrete cover on the sides. Also, when members are strengthened in bending, the shear capacity may become insufficient. Shear strengthening would then be necessary.
The strengthening of beams with FRP can be carried out with three different configurations: full wrapping, U-wrapping, and side strips. Side strips can easily debond from the beam and are the least effective, whereas full wrapping, with the upper and lower strips anchoring the ones on the side, offers the highest effectiveness. However, full wrapping is difficult to perform in practice because the slab has to be slotted for FRP to go through. The U-wrapping configuration, which only requires access to the sides and bottom of a beam, is therefore more realistic for practical application. Nevertheless, there were many investigations on the full-wrapping FRP configuration (e.g., Triantafillou and Antonopoulos 2000; Cao et al. 2005; Carolin et al. 2005a, b; Bukhari et al. 2010; Chen 2010) over the past two decades. Because the FRP composite in the fullwrapping configuration always fails in rupture, the shear capacity is not sensitive to properties of the adhesive resins and the surface roughness of concrete. The test results are therefore more consistent and easier to interpret than those for the U-wrapping configuration. A comprehensive investigation on fully wrapped beams can therefore provide useful insight to the general behavior of FRP shearstrengthened beams, which will be very useful for a further study on beams strengthened in the U-wrapping configuration.
In the literature, experimental investigations and theoretical analyses have been carried out to explore many issues of RC beams strengthened in shear with externally bonded FRP. However, to the authors' knowledge, it is worth noting that a comprehensive investigation covering a wide range of shear span-to-effective depth ratios, which are also called shear span/depth ratios or a v =d, where a v and d are the length of the shear span and the effective length of a RC beam, respectively, has not yet been carried out. Among the limited studies on the effect of a v =d, Chaallal (2004, 2006b) found that the FRP shear contribution is more significant in RC beams with normal shear span/depth ratios than in deeper beams with a v =d ≤ 2.5. The behavior of deep beams, which is characterized by the arching action, may explain the reduced effectiveness of FRP and the observed failure mode. Islam et al. (2005) investigated the effect of the small shear span/depth ratio with six carbon FRP (CFRP) shear-strengthened RC deep beams (a v =d < 1.0). Test results showed that the bonded FRP composite leads to a much slower growth of the critical diagonal cracks and obviously enhances the load-carrying capacity of the beam.
In existing investigations for shear-strengthened beams, various mechanical theories or models have been used to estimate the shear behavior of slender and deep beams. The truss model has been used to describe shear-tension failures for slender beams (Chaallal et al. 1998; Ahmed et al. 2001; Deniaud and Cheng 2001; Adhikary and Mutsyoshi 2004; Carolin and Täljsten 2005a, b; Zhang and Hsu 2005; Bukhari et al. 2010; Lim 2010; Godat et al. 2012) , and the strut-and-tie model has been employed for evaluating deep beam failure (Chaallal et al. 2002; Zhang et al. 2004; Islam et al. 2005 ; 1 Maaddawy and Sherif 2009). According to current studies, the shear behaviors of deep beams shear strengthened with FRP composites are worthy of special attention because several researchers (Zhang et al. 2004; Islam et al. 2005; Chaallal 2004, 2006b ) have shown that both the failure mode and the FRP shear resistance mechanism of deep beams are quite different from those in slender beams.
The shear span/depth ratio has been found to significantly influence the shear behavior of shear-strengthened beams. However, according to a literature survey by the authors, most of the researchers designed the beams with shear span/depth ratios ranging from 2 to 3. Furthermore, there are only several sets of test data in the literature on specimens with two shear span/depth ratios (Khalifa and Nanni 2002; Zhang et al. 2004; Zhang and Hsu 2005; Bousselham and Chaallal 2006a, b; Bencardino et al. 2005 Bencardino et al. , 2006 Kim et al. 2008) or more (Tan and Ye 2003; Cao et al. 2005; Grande et al. 2008; Zhou 2009; Sayed et al. 2013) . Even in these studies, the effect of the shear span/depth ratio was usually not the main focus. This paper will cover an investigation focusing on the effect of the shear span/depth ratio on the mechanical properties of RC beams strengthened in shear with full-wrapping CFRP strips. To study the strengthening effect for beams exhibiting different failure modes, a wide range of shear span/depth ratios from 1.0 to 3.5 at 0.5 intervals is considered. After a description of the experimental program and detailed discussions on the experimental results, the shear contribution of CFRP for different shear span/depth ratios will be compared with the calculated values from various design guidelines.
Experimental Program

Specimen Design
A total of 12 RC beams were tested in the experimental program. A total of six control specimens, not strengthened with FRP, were labeled as BiC. The serial number i was denoted 1-6, corresponding to the specimens with shear span/depth ratios (a v =d) ranging from 1.0 to 3.5 at 0.5 intervals, respectively. The other six specimens, which were shear strengthened with full-wrapping CFRP strips, were labeled correspondingly as BiW. Table 1 shows more details of the specimens.
The RC beams are either 2,000 or 2,400 mm long and have a rectangular cross section, with details shown in Fig. 1(a) . Shorter beams (2,000 mm long) are employed for shear span/depth ratios of up to 2.5, whereas longer beams (2,400 mm long) are for shear span/depth ratios higher than 2.5. The RC beams have been designed to fail in shear even after they have been retrofitted with CFRP strips. The longitudinal steel reinforcement consists of four reinforcement bars (diameter ¼ 28 mm) at the bottom and two reinforcement bars (diameter ¼ 32 mm) at the top [ Fig. 1(b) ]. As shown in Fig. 1(a) , one side of the beam is heavily reinforced in shear with stirrups (12-mm diameter at 85-mm spacing), whereas the other side is reinforced with a 6.5-mm-diameter stirrup at 160-mm spacing. Experimental investigations were focused on the weaker side of the beam, which will undergo shear failure even after strengthening with CFRP strips, as in Fig. 1(c) . Table 2 shows the main mechanical properties of steel reinforcement.
The CFRP strips were bonded discretely over the strengthened zone in a full-wrapping scheme, where all the strips were 60 mm wide and applied at 150-mm spacing (center to center) [ Fig. 1(c) ]. The thickness of the CFRP was 0.11 mm. Table 3 presents the main mechanical properties of the CFRP.
The concrete for casting the beams was supplied by a local ready-mix producer. The shorter and longer beams were cast separately, and the average compressive strength from concrete cubes was 47 and 55 MPa, respectively.
Specimen Preparation
Before bonding FRP strips on a RC beam, the concrete surface needs to be roughened by a hand-held vibrating needle scaler until the coarse aggregates are exposed. Furthermore, the beam corners should be rounded to a 25-mm corner radius to prevent fiber rupture because of a high stress concentration. Compressed air is applied to remove dust and loose particles from the roughed concrete surface. After cleaning with an acetone solution, a layer of primer resin is applied on the roughened surface by a roller or paintbrush. After the primer layer hardens, the FRP strips are bonded to the concrete surface with epoxy resin.
The RC beam bonded with CFRP strips should be cured at room temperature for at least 7 days before testing to ensure complete strength development of the epoxy resin. Because the mechanical performance of the interface between the FRP composite and concrete is sensitive to the workmanship during the FRP bonding process, great care is taken to ensure that the same procedures are closely followed in the strengthening of all members.
Experimental Procedure
Strain gauges were glued on the longitudinal/transverse steel reinforcements and concrete surface. To have good estimates of the effective strains of CFRP strips, which govern their resistance to shear failure, a number of strain gauges were installed on each CFRP strip to record, as accurately as possible, the strain level at the point intersected by the major shear crack. Figs. 1(c and d) show the typical distribution of strain gauges. All specimens were tested in the four-point bending configuration [ Fig. 1(c) ]. The load was applied by a hydraulic testing machine under displacement control. The loading speed rate was maintained at 0.01 mm=s. During testing, a data logger recorded and stored the test data, which were later transmitted to a computer for further processing.
Test Results and Analysis
Overall Response
In the four-point bending test, all specimens (shear strengthened or unstrengthened) failed in shear. The shear capacities of shearstrengthened RC beams were always higher than those for the corresponding control beams, but the actual increase was dependent on the shear span/depth ratio. Fig. 2 presents the final failures of representative specimens. ratios. The experimental analysis will be discussed in the following sections.
Failure Mode
In the classical theory of RC, shear failure modes for increasing shear span/depth ratios can be classified into deep-beam failure, shear-compression/tension failure, and flexural-shear failure (Kong and Evans 1987) . In the experiment, all six control beams were observed to exhibit shear failure modes consistent with those for the corresponding shear span/depth ratios. For the six shearstrengthened beams with CFRP strips, failure was accompanied by CFRP rupture, but the shear failure mode was similar to that of the control beams at the same shear span/depth ratios, although more shear cracks could be observed along the shear span
In all the shear-strengthened beams, CFRP strips were observed to fail in full or partial rupture [Figs. 2(b, d, and f) ] at the ultimate load. However, the failure sequence and timing of the CFRP strips were different with different shear span/depth ratios. To better illustrate these differences, the shear force versus load point deflection curves for strengthened beams with various shear span/depth ratios are plotted in Fig. 3 . A series of arrows are marked on the curves to denote the failure points of the CFRP strips, whereas the shear capacity is marked by a small inverted triangle on each curve. The critical shear cracks of the specimens are also sketched in Fig. 3 on the basis of the experimental results.
The FRP rupture is a brittle failure that happens instantaneously and almost without warning, so its occurrence often results in a sudden drop in the curve ], indicating the rapid drop in shear resistance within a short time. However, in Beam B1W (a v =d ¼ 1.0), because the arch action of the deep beam prevented the inclined cracks from propagating rapidly and violently, CFRP strips did not fail abruptly in rupture but failed gradually as the load point displacement is increased. Therefore, an obvious sudden drop cannot be observed in the curve, and the gradual rupture process is described by two arrows linked by a horizontal line [ Fig. 3(a) ]. Beam B1W exhibits deep beam failure, where the concrete arch bears most of the applied load and CFRP strips act as hoops to restrict the deformation of the beams. Because the deformation develops relatively slowly and steadily because of arch action when the applied load reaches the ultimate force, CFRP strips can maintain their effect until a larger deformation is reached. Although the shear span/depth ratio increases to a v =d ¼ 1.5, i.e., Beam B2W, the 
effect of the arch action decreases and inclined cracks propagate more quickly. Although one strip still failed gradually, most CFRP strips ruptured abruptly so several sudden drops emerged in the curve [Fig. 3(b) ]. For medium shear span/depth ratios, i.e., Beams B3W and B4W, the cracks were primarily governed by the shear and compressive/tensile stresses, causing the inclined cracks to propagate much more rapidly. A series of sudden drops are clearly shown in the curves because of FRP strips fully or partially rupturing one by one [Figs. 3(c and d) ]. The sudden drop because of a fully ruptured FRP is much more significant than that because of a partially ruptured one. Although the shear span/depth ratio was more than 3.0, i.e., Beams B5W and B6W, the shear and tensile stresses govern the cracking pattern. The inclined cracks propagated most rapidly and violently. Several CFRP strips intersected by a critical inclined crack might fail in full rupture simultaneously. Then, a large sudden drop would be shown in the curve [Figs. 3(e and f)]. Similar sudden drops have been observed by Leung et al. (2007) , where the shear span/depth ratio of the tested beams was approximately 2.90. Fig. 3 . Shear force-deflection curves and sketch of critical shear crack under various a v =d ratios:
Shear Capacity of the Beam and CFRP Shear Contribution
The shear capacities of all specimens are shown in Table 1 and plotted in Fig. 4 . Both shear-strengthened and control beams have a similar trend in shear capacities, which decrease gradually with increasing shear span/depth ratios (Fig. 4) . The trend can be explained by conventional RC theory (e.g., James and James 2009). Table 1 and Fig. 4 present the CFRP shear contributions and relative percentage improvements. Compared with the corresponding control beams, the shear capacities of strengthened RC beams are improved to different degrees at various shear span/depth ratios. The experimental results clearly indicate that the shear span/ depth ratio can significantly affect the shear capacity of shearstrengthened beams. The FRP shear contribution was highest for Beam B4W, where the CFRP shear contribution was 123 kN and the percentage increase reached 62.8%. The lowest FRP shear contribution was 57 kN for Beam B1W, which is just 14.1% over the control member (Fig. 4) . The FRP strips are most effective for medium shear span/depth ratios (2.0 ≤ a v =d ≤ 3.0), followed by large shear span/depth ratios (a v =d > 3.0), and least effective for small shear span/depth ratios (a v =d < 2.0).
There are three major reasons leading to the preceding trend in FRP shear contribution with increasing shear span/depth ratios. First, the shear span/depth ratio can affect the FRP shear contribution because the FRP strips play different roles in resisting shear under various failure modes. For a deep beam, the concrete arch undertakes most of the applied load and CFRP strips act as hoops to restrict the deformation of the beams in the vertical direction, which changes gently and gradually until the shear capacity is approached. The FRP shear contribution is hence not high. With an increasing span/depth ratio, the effect of the arch action decreases and eventually becomes negligible. When shear cracks propagate, concrete in the web starts to lose its load-carrying capacity. The FRP strips can hence be utilized more effectively. Second, the angle of the inclined crack can affect the effectiveness of FRP strips in resisting shear. For small shear span/depth ratios, the angle of the inclined crack with respect to the fiber orientation δ is larger [ Fig. 5(a) ], so the stress along the fiber direction is less effective in controlling the opening and propagation of the shear crack. With increasing shear span/depth ratios, the FRP shear contribution will increase because the fibers are lying at a smaller angle to the opening direction of the crack [ Fig. 5(b) ]. Third, strengthened beams often fail in shear because of the opening of a critical shear crack. In this paper, an effective working zone is proposed to describe the region covered by the critical shear crack in the shear span (Fig. 6) . The FRP strips in this effective working zone will provide most of the shear resistance, whereas the strips outside this zone play an insignificant role. In this investigation, with the shear span/depth ratio increasing beyond 2.5, the CFRP shear contribution decreases gradually as more and more CFRP strips are located outside the effective working zone [Figs. 3(d-f) ].
Discussions
Distribution of FRP Strain along Critical Shear Crack
The variation of FRP strain along the shear crack has been pointed out by other researchers (e.g., Chen and Teng 2003a; Chen 2010) . This observation can be attributed to the fact that the shear crack width varies along its length. Because a RC beam often fails in shear because of the propagation of a critical shear crack, it is important to analyze the distribution of effective FRP strain along the critical shear crack at the ultimate state. For convenience, the strain of the FRP strip not intersected by the critical shear crack was taken to be zero, although this strip is actually under a small but nonzero strain.
For various span/depth ratios, the distributions of effective CFRP strains along the critical shear crack are plotted in Fig. 7 . A series of corresponding fitting lines for these strain distributions are also plotted. In this investigation, the maximum value among all the strain gauges on the same CFRP strip at the ultimate state is taken to be the effective FRP strain of this strip. This is an approximation because the critical shear crack may not intersect the strip at the location of any strain gauge. Despite this limitation, the qualitative analysis of strain distribution along the crack should still be useful.
As shown in Fig. 7 , the CFRP strain distribution along the shear span exhibits different shapes for different shear span/depth ratios figure (f) , the strain of the strip S3 at rupture, which was 10,840 με, was taken to be its effective CFRP strain) ranging from 1.0 to 3.5. For the beams with the shear span/depth ratio ranging from 2.0 to 3.5, the FRP strain distribution is approximately parabolic along the critical shear crack, where the strain increases to a maximum value and then decreases with distance from the loading point ]. This is in line with the general assumption made by Chen and Teng (2003a) in their shear strength model for FRP rupture. However, Chen and Teng's assumption, which was on the basis of the experimental data of the beams with larger shear span/depth ratios, is not applicable to beams with small shear span/depth ratios (i.e., a v =d ≤ 1.5). In Beam B2W (a v =d ¼ 1.5), the CFRP strain distribution along the critical shear crack can also be considered near parabolic, but the strain value decreases to a minimum value before increasing with distance from the loading point [ Fig. 7(b) ]. At the ultimate state of a shear-strengthened beam with a shear span/depth ratio ranging from 2.0 to 3.5, i.e., Beams B3W-B6W, the highest strain occurred in a CFRP strip that is nearly halfway along the horizontal span covered by the critical shear crack. Also, when the shear span/depth ratio is increased, the position of the strip with the largest FRP strain gradually moved from the loading point toward the support. More specifically, the largest strain value was in Strip S1 of B2W, Strip S2 of B3W and B4W, Strip S3 of B5W, and Strip S4 of B6W, respectively ( Fig. 7 and Table 4 ).
The preceding observation indicates that the shear span/depth ratio has a significant effect on the distribution of CFRP strain along the critical shear crack. In the reported literature, there is still little information on the actual strain distribution in FRP along a shear crack for various shear span/depth ratios.
Strain Distribution Factor D frp
To evaluate the distribution of the FRP strain along the critical shear crack, Chen and Teng (2003a, b) defined the strain distribution factor D frp as the ratio of the average strain of FRP strips intersected by the critical shear crack to the maximum FRP strain in these strips at the load level under consideration (Cao et al. 2005) . For the beam strengthened in shear with the full-wrapping FRP configuration, the proposed design value of the factor D frp is a constant value D frp ¼ 0.5 (Teng et al. 2002) . On the basis of the experimental results, Table 4 shows the effective CFRP strain along the critical shear crack and the strain distribution factors D frp of all the shearstrengthened beams.
In Table 4 , all values of the factor D frp are higher than 0.5, which was proposed by Teng et al. (2002) . The minimum value of D frp is 0.59 in Beam B6W (a v =d ¼ 3.5), and the maximum value of D frp is 0.98 in Beam B1W (a v =d ¼ 1.0) . These results indicate that the strain distribution factor D frp is not a constant but will vary with the shear span/depth ratio. Cao et al. (2005) presented a similar observation. On the basis of the measured test results for the strains of FRP strips, the strain distribution factor D frp will decrease gradually with an increasing shear span/depth ratio. The proposed design value of D frp of 0.5 (Teng et al. 2002 ) is conservative, but may be overly conservative for shear-strengthened beams with small shear span/depth ratios.
Comparison between Test Results and Various Design Guidelines
Summary of Available Design Guidelines
In all five available design guidelines, i.e., (CNR 2013) , the FRP shear contribution V f is considered in a way that is similar to that for internal steel stirrups. In this paper, all of the safety factors provided in the design codes will not be considered in calculating the shear capacity from the design equations because different design codes have different underlying theories and different ways of including safety factors. Different to the safety factors, other limits on the strengthening effect will still be maintained in the calculations. In ACI 440.2R, for instance, the effective FRP strain should be less than 0.004, and the tensile strength of FRP should not be greater than 0.005E f in CSA S806.
In the ACI 440.2R (ACI 2008) design guideline, the FRP shear contribution V f is calculated from an assumed crack pattern (Khalifa et al. 1998 ). The FRP shear contribution V f and the effective strain ε fe are given by the following equations, respectively:
ε fe ¼ minf0.75ε fu ; 0.004g ð 2Þ
In the FIB (2001) design guideline, the design approach is on the basis of the model of Triantafillou and Antonopoulos (2000) . A total of two best-fit power-law equations are proposed for FRP debonding failure and FRP rupture. For the full-wrapping FRP configuration, the shear contribution of the FRP composites V f and the effective strain ε fe are given by the following equations:
In the JSCE (2001) design guideline, the shear contribution of FRP composites is calculated from the same equations regardless of FRP configuration. The design equations are presented as follows:
In the CSA S806 (CSA 2012) design guideline, for a member with a FRP reinforcement perpendicular to the longitudinal axis, the design equations are presented as follows: The strains of these CFRP strips, which are not intersected by the critical shear crack, were taken to be zero.
In CNR-DT 200 R1 (CNR 2013) , in the case of a RC member with a rectangular cross section, the FRP shear contribution V f should be calculated as follows:
Comparison between Test Results and Predictions from Design Equations Table 5 shows the experimental results, predictions from various design guidelines, and maximum effective FRP strains ε fe;max , which is the maximum value among the effective strains of CFRP strips in the same RC beam. Fig. 8 presents the effects of the shear span/depth ratio on the predictions of V f from various design guidelines.
For Beam B1W (a v =d ¼ 1.0), the FRP shear contribution V f predicted from these design guidelines is conservative, except for that of the FIB and JSCE design guidelines, which overestimate the experimental results. For the other shear-strengthened beams, i.e., from B2W (a v =d ¼ 1.5) to B6W (a v =d ¼ 3.5), all of the five design guidelines can conservatively predict the FRP shear contribution V f . According to Fig. 8 , the predicted V f from the ACI, CSA, and CNR design guidelines seems to be overly conservative because of the individual limitations. These primarily include limiting of the effective FRP strain to 0.004 in ACI 440.2R, limiting of the FRP tensile strength to 0.005E f in CSA S806, and the decrease of the effective FRP design strength with the optimal FRP bonding length l ed in CNR-DT 200 R1. The value of l ed is approximately 60-80 mm in this case, but the code requires a minimum value of 200 mm, which leads to a lower design strength. The predicted FRP shear contribution V f by the FIB and JSCE design guidelines is closer to the test results than that from the other three guidelines, but is still a little overconservative in the medium shear span/depth ratios ranging from 2.0 to 3.0. The JSCE design guideline also properly predicts the FRP shear contributions while a v =d ¼ 1.5, but the FRP contribution is overestimated for the deep beam with a v =d ¼ 1.0 in the investigation. Fig. 8 shows the trends of the ratios of the predicted and experimental results, i.e., predicted/experimental ratio, in these five 
Prediction to experiment ratio a v /d
Predicted./experimental. ratio =1.0 Fig. 8 . Effect of a v =d on predictions of V f from various design guidelines Table 5 . 49.06 design guidelines. All the trends show a similar parabolic shape, with a decrease from the maximum for Beam B1W (a v =d ¼ 1.0) to the minimum for Beam B4W (a v =d ¼ 2.5) before increasing. Such a trend indicates that the shear span/depth ratio should be taken into account in the design equations. Otherwise, there will be a potential risk in overestimating the FRP shear contribution for beams with smaller/larger a v =d ratios, especially in the deep beam, from some design codes.
Comparison of
To further investigate the effect of shear span/depth ratio on the differences between predictions from various guidelines and experimental data, 37 test results on rectangular RC beams strengthened in shear with full-wrapping CFRP are collected from different investigations in the literature. The data, which cover a range of a v =d from 1.43 to 3.00, are compared with predicted values from the preceding five design guidelines. Table 6 summarizes the major parameters of the experimental data, and Table 7 and Fig. 9 show the comparison between the experimental results and predictions.
According to Fig. 9 , the ACI, CNR, and CSA design guidelines can provide conservative predictions for most of the experimental data over the range of shear span/depth ratios considered [ Figs. 9(a, d, and e) ]. However, the predicted V f from these guidelines seems to be overly conservative, especially in the range of 2.5-3.0 for a v =d. The predictions from the FIB and JSCE guidelines overestimate the FRP shear contributions in many of the 37 experimental results, especially for small a v =d ratios (≤ 2.27) or large a v =d ratios (≥ 2.7) [Figs. 9(b and c) ]. This clearly indicates a potential risk for overestimating the FRP shear contributions from the FIB and JSCE design guidelines under small or large shear span/depth ratios.
Before closing, two important aspects that should be considered in predicting the FRP shear contribution V f should be highlighted. First, with an increasing shear span/depth ratio, the inclined crack, especially the critical shear crack, propagates in different ways, which will affect the FRP shear contributions. In the preceding design guidelines, the same crack angle, i.e., fixed at 45°, is assumed in predicting the FRP shear contributions for various shear span/ depth ratios. Different shear failure modes for various shear span/depth ratios are therefore not properly captured in the design equations. Second, the effective FRP strain ε fe is a very important factor in the design guidelines. According to the test results, the effective FRP strains are different for various shear span/depth ratios (Table 5 ). In all the preceding design guidelines, the effective FRP strain is independent of shear span/depth ratios and is often higher than the test results. Some design equations can adjust this overestimated situation through additional limitations. For instance, the effective FRP strain is no more than 0.004 in ACI 440.2R, the tensile strength of FRP should not be greater than 0.005E f in CSA S806, and the optimal FRP bonding length l ed is always equal to 200 mm in CNR-DT 200 R1. In others, such as the JSCE guideline, the effective FRP strain is severely overestimated for low and high shear span/depth ratios, which leads to a large deviation between the predictions and corresponding experimental results.
The present work has clearly demonstrated that the effect of the shear span/depth ratio should be considered in calculating the shear contribution of bonded FRP strips. To improve existing design equations, further research on the two issues mentioned previously is required.
Conclusions
This paper focuses on the effect of the shear span/depth ratio on the behavior of RC beams shear strengthened with the full-wrapping CFRP configuration. The following conclusions can be drawn: 1. The contribution of FRP strips in shear-strengthened RC beams is significantly affected by the shear span/depth ratio. The FRP strips are most effective for medium shear span/depth ratios, followed by large shear span/depth ratios, and are least effective for small shear span/depth ratios. 2. The CFRP strain distribution along the critical shear crack exhibits different shapes for different shear span/depth ratios. The strain distribution factor D frp decreases with an increasing shear span/depth ratio. The experimental results indicate that the proposed design value of D frp ¼ 0.5 is conservative, but may be overly conservative for shear strengthened beams with small shear span/depth ratios. 3. Existing design guidelines do not consider the effect of the shear span/depth ratio in predicting the FRP shear contribution. On the basis of the analytical comparison, ACI 440.2R, CSA S806, and CNR-DT 200 R1 can provide conservative predictions for the FRP shear contributions in most cases, but the predictions appear to be overly conservative. The FIB and JSCE design guidelines can satisfactorily predict the FRP shear contributions for medium shear span/depth ratios, but there is a risk of overestimating the FRP shear contribution for small or large shear span/depth ratios. The present work clearly reveals the importance of the shear span/depth ratio on the effectiveness of FRP in the shear strengthening of RC beams. Further work is required to better understand this effect so it can be properly incorporated into the equations in the design guidelines.
